Metastasis is the cause of 90% of cancer-related deaths in breast cancer patients ([@r1]). Therefore, understanding how cancer cells spread and colonize distant organs is crucial for identifying novel strategies to halt cancer progression and improve cancer treatment. Cancer metastasis is a multistep process involved in detachment from the primary tumor, survival in circulation, colonization, and formation of macrometastases in secondary organs ([@r2]). Once cancer cells enter the circulation system, they encounter a variety of environmental stressors, such as detachment from the extracellular matrix (ECM) substrate, shear force, oxidative stress, and attack from immune cells ([@r3], [@r4]). Only a small number of cancer cells can survive in circulation and establish metastasis lesions ([@r5], [@r6]). How circulating tumor cells (CTCs) overcome environmental stress and initiate this colonization is not clearly understood.

The epithelial-mesenchymal transition (EMT) is an important cellular event that contributes to cancer metastasis ([@r7], [@r8]). The EMT process, characterized by the loss of epithelial characteristics and acquisition of mesenchymal phenotypes, is induced by a number of cytokine and transcription factors, including transforming growth factor (TGF)-β, Twist, Snail, and Slug, during tumor progression ([@r9]). The EMT enhances cancer cell migration and invasion and also promotes cancer cell colonization at distant organs ([@r9], [@r10]). Single-cell sequencing data has demonstrated that CTCs exhibit increased expression of EMT-related genes ([@r11], [@r12]). It has been proposed that activation of the EMT program enhances cancer cell survival in circulation and facilitates cancer cell recolonization at the distal sites; however, the exact function of mesenchymal phenotypes in CTCs remains to be determined.

ECM is a determinant in the tumor microenvironment that controls cancer development and progression ([@r13], [@r14]). Stromal cells, such as cancer associate fibroblasts (CAFs), are considered the major source of ECM in tumor tissue; interestingly, cancer cells also deposit a significant quantity of ECM proteins ([@r15][@r16][@r17][@r18][@r19]--[@r20]). Cancer cell-produced ECM molecules, such as tenascin-C, are the important components of metastatic niches and facilitate cancer cell colonization during metastasis ([@r15], [@r18], [@r19]). We recently identified heat shock protein 47 (Hsp47) as a hub of the ECM transcription network ([@r20], [@r21]). Binding of Hsp47 to collagen facilitates collagen secretion and deposition ([@r22]). The Hsp47 gene locates at 11q13, a region often amplified in cancer ([@r23]). In addition, increased Hsp47 expression is associated with advanced cancer stage, shortened recurrence-free survival, and metastasis ([@r20], [@r24]). This evidence suggests that Hsp47 may contribute to cancer progression.

In this study, we show that expression of Hsp47 and collagen are induced during the EMT. Hsp47 expression enhances cancer cell--platelet interaction by inducing collagen deposition in breast cancer cells and subsequently promotes cancer cell clustering and colonization at distant sites. These results reveal the molecular mechanism by which the EMT enhances cancer cell--platelet interaction, and identifies a previously unreported function of the Hsp47/collagen axis in breast cancer metastasis.

Results {#s1}
=======

Hsp47 Expression Promotes the EMT and Cancer Cell Stemness. {#s2}
-----------------------------------------------------------

ECM remodeling is necessary for cancer development and progression ([@r13], [@r14]). We previously identified an ECM transcriptional network in human breast cancer tissues, the expression of which is induced during cancer development ([@r20]). Hsp47, one hub of the ECM network, promotes tumor invasion and collagen deposition in the xenograft model ([@r20]). The EMT is accompanied by ECM remodeling and cell invasion; therefore, we asked whether expression of Hsp47 and ECM network genes are associated with the EMT process. By analyzing gene expression profiles generated from mammary epithelial cells (MECs) that had undergone the EMT (Twist- or Snail-induced), we found that ECM network genes, such as COL1A1, COL1A2, and COL4A1, were induced during the EMT process ([Fig. 1*A*](#fig01){ref-type="fig"}). Transcription and protein expression of Hsp47 were also significantly increased in Twist- or Snail-induced EMT cells ([Fig. 1 *B*--*D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1 *A*--*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)).

![Hsp47 expression induces the EMT and enhances cancer cell stemness. (*A* and *B*) Heatmap and box plot showing ECM network gene levels in control cells (MCF10 and HMLE) and cells undergoing the EMT (MCF10A-Snail, HMLE-Twist, and HMLE-Snail). The data were log2-transformed and mean-centered. Control, *n* = 6; EMT, *n* = 9; rank-sum test. (*C*) Real-time PCR data showing SerpinH1 levels in HMLE control cells and EMT cells (HMLE-Twist and HMLE-Snail). Results are presented as mean ± SEM. *n* = 4. \*\**P* \< 0.01, independent Student's *t* test. (*D*) Western blot analyses of Hsp47, FN, and E-Cad expression in control, Twist-expressing, and Snail-expressing HMLE cells. (*E*) Phase images and IF staining images (E-cadherin, green; nuclei, blue) of primary MECs from MMTV-Cre:Hsp47^+/lox^ and MMTV-Cre:Hsp47^lox/lox^ mice cultured in 2D for 5 d. (Scale bar: 25 µm.) (*F*) Western blot analyses of Hsp47 and EMT markers (N-cadherin, E-cadherin, vimentin) expression in primary MECs from MMTV-Cre:Hsp47^+/lox^ and MMTV-Cre:Hsp47^lox/lox^ mice cultured for 5 d. (*G*) Western blot analyses of expression of Hsp47 and EMT markers (N-cadherin, E-cadherin, vimentin, Snail) in Hsp47-expressing MCF10A cells/HMLE cells. (*H*--*J*) Coexpression of Hsp47 (SERPINH1) with EMT regulators TWIST1, SNAI1, and EMT marker CDH2 assessed by Spearman correlation analysis in human breast cancer tissue samples (TCGA, provisional; *n* = 960). (*K* and *L*) Heatmap and boxplot showing ECM network gene expression in tumorspheres and matched primary tumors (GSE7515). The gene expression values were derived from a published microarray dataset. The data were log2-transformed and mean-centered. Primary tumor, *n* = 11; tumorsphere, *n* = 15. (*M*) Quantification of tumorsphere formation efficiency in control and Hsp47-silenced Hs578T cells and MDA-MB-231 cells. *n* = 3. Results are presented as mean ± SEM; \**P* \< 0.05; \*\**P* \< 0.01, independent Student's *t* test.](pnas.1911951117fig01){#fig01}

To determine whether Hsp47 expression is functionally important for the EMT process, we isolated primary MECs from MMTV-Cre:Hsp47^+/lox^ and MMTV-Cre:Hsp47^lox/lox^ mice and cultured them on plastic. We found that Hsp47-positive MECs acquired mesenchymal phenotypes after 4 to 5 d. Interestingly, Hsp47^−/−^ MECs maintained their epithelial phenotypes and E-cadherin expression much longer than Hsp47-positive cells ([Fig. 1*E*](#fig01){ref-type="fig"}). Western blot analysis data further confirmed that compared with Hsp47-positive cells, Hsp47^−/−^ epithelial cells had higher expression levels of the epithelial cell marker E-cadherin and lower expression levels of mesenchymal markers such as N-cadherin and vimentin ([Fig. 1*F*](#fig01){ref-type="fig"}). Silence of Hsp47 in HMLE cells also inhibited TGF-β--induced EMT ([*SI Appendix*, Fig. S1 *D* and *E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Interestingly, the addition of exogenous type I collagen only partially rescued EMT phenotypes in Hsp47-silenced cells ([*SI Appendix*, Fig. S1 *D* and *E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)), suggesting that other Hsp47 substrates also contribute to this process. In the gain-of function experiments, introducing exogenous Hsp47 in MCF10A and HMLE cells increased protein levels of N-cadherin, vimentin, and Snail and reduced expression of E-cadherin ([Fig. 1*G*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Hsp47 expression in MCF10A cells also enhanced EMT phenotypes, such as cell invasion and migration ([*SI Appendix*, Fig. S1 *G* and *H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)).

Importantly, by analyzing gene expression profiles in The Cancer Genome Atlas (TCGA) human breast cancer datasets, we found that mRNA levels of Hsp47 (SERPINH1) significantly correlated with the levels of EMT regulators and EMT markers, including TWIST1, SNAI1, FN1, and CDH2 ([Fig. 1 *H*--*J*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*I*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Therefore, Hsp47 expression may contribute to activation of the EMT program during breast cancer progression.

Tumor-initiating cells (TICs) are cancer cells with stem cell characteristics that drive cancer development and metastasis. The EMT is a cellular event that enhances cancer cell stemness ([@r7], [@r8]). By comparing gene expression profiles generated from a TIC-enriched tumorsphere and matched primary tumor cells ([@r25]), we found that transcription of the Hsp47 gene and many collagen genes was induced in tumorspheres ([Fig. 1 *K* and *L*](#fig01){ref-type="fig"}). Results from the tumorsphere formation assay showed that silencing Hsp47 significantly reduced tumorsphere formation efficiency in triple-negative breast cancer (TNBC) cells ([Fig. 1*M*](#fig01){ref-type="fig"}). Knockdown of Hsp47 also inhibited colony formation of MDA-MB-231 cells ([*SI Appendix*, Fig. S1 *J*--*M*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). These results suggest that Hsp47 expression enhances cancer cell stemness.

Hsp47 Expression Enhances Cancer Cell Colonization and Metastasis. {#s3}
------------------------------------------------------------------

Activation of the EMT program has been detected in CTCs ([@r11]). By analyzing mRNA levels of ECM network genes and Hsp47 in CTCs and primary tumor cells ([@r26]), we found that expression levels of Hsp47 and collagen genes, such as COL1A1, COL1A2, and COL4A1, were up-regulated in CTCs ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}). We asked whether Hsp47 expression contributes to cancer cell colonization and metastasis. Control and Hsp47-silenced MDA-MB-231/luc cells ([*SI Appendix*, Fig. S2 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)) were injected via tail vein into female mice with severe combined immunodeficiency (SCID). In vivo imaging system (IVIS) analysis and hematoxylin and eosin (H&E) staining results showed that Hsp47 expression was required for breast cancer cell colonization in the lung and other organs ([Fig. 2 *C*--*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Using the 4T1 orthotopic mammary tumor model, we confirmed that silencing Hsp47 significantly suppressed breast cancer metastasis ([Fig. 2 *F* and *G*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)).

![Hsp47 is required for cancer cell lung colonization and metastasis. (*A*) Heatmap showing expression of ECM network genes in primary cancer cells and CTCs (GSE51372). (*B*) Boxplot showing Hsp47 mRNA levels in primary cancer cells and CTCs. CTCs, *n* = 75; primary tumor, *n* = 20. (*C*--*E*) IVIS, H&E images, and quantification showing colonization of MDA-MB-231 cells in lungs at 4 wk after injection. Mice were injected with 1 × 10^6^ control and Hsp47-silenced MDA-MB-231/luc cells from tail vein. (Scale bar: 100 μm.) *n* = 5; independent Student's *t* test. (*F* and *G*) Lung metastasis lesions (2 wk after primary tumor removal) of control and Hsp47-silenced 4T1 cells were assessed by H&E staining in the orthotopic mammary tumor model. (Scale bar: 100 μm.) (*H* and *I*) Fluorescence microscopy images and quantification of control and Twist-expressing MCF10A/GFP cell adhesion in the lung. Lungs were collected at 4 h after tail vein injection. (Scale bar: 40 µm). *n* = 3; independent Student's *t* test. (*J* and *K*) Images and quantification of control and Hsp47-expressing MCF10A/GFP cell retention in the lung. (Scale bar: 40 µm.) *n* = 3; independent Student's *t* test. (*L* and *M*) Images and quantification of control and Hsp47-silenced 4T1/GFP cell or MDA-MB-231/GFP cell colonization in the lung. The lungs were collected at 4 h or 24 h after tail vein injection. (Scale bar: 40 µm.) *n* = 3 in *L*, *n* = 5 in *M*. Results are presented as mean ± SEM. \*\**P* \< 0.01; \**P* \< 0.05, independent Student's *t* test.](pnas.1911951117fig02){#fig02}

To understand how the EMT and Hsp47 expression contribute to CTC colonization, we injected control, Twist-expressing, and Hsp47-expressing MCF10A/green fluorescent (GFP) cells in tail veins and analyzed retention of the GFP-positive cells in lungs at 4 h after injection. We found that Twist-induced EMT significantly enhanced MCF10A cell adhesion in lungs ([Fig. 2 *H* and *I*](#fig02){ref-type="fig"}). Expression of Hsp47 also promoted adhesion of MCF10A cells in lungs shortly after tail vein injection ([Fig. 2 *J* and *K*](#fig02){ref-type="fig"}). In contrast, silence of Hsp47 in 4T1 cells (4 h after tail vein injection) or MDA-MB-231 cells (4 h and 24 h after tail vein injection) significantly reduced lung retention of cancer cells ([Fig. 2 *L* and *M*](#fig02){ref-type="fig"}). These results suggest that Hsp47-induced mesenchymal phenotypes are crucial for initiation of CTC colonization.

Cancer Cell--Platelet Interaction Is Required for Hsp47-Dependent Lung Colonization. {#s4}
------------------------------------------------------------------------------------

Cancer cells in circulation directly interact with platelets, red blood cells, and immune cells. Accumulated evidence suggests that platelet--cancer cell interaction plays an important role in cancer metastasis ([@r27]). We wondered whether platelets are involved in Hsp47-induced cancer cell lung colonization. Lung tissue sections from the short-term tail vein injection experiments were stained with antibody against CD41, a cell surface marker for platelets. An increased accumulation of platelets was detected around Hsp47-high MECs (Hsp47-expressing MCF10A cells or MDA-MB-231 control cells) compared with Hsp47-low MECs (control MCF10A cells or shHsp47 MDA-MB-231 cells) ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"}). To perform the in vitro cancer cell--platelet binding assay, we isolated platelets from mouse blood and showed that isolated platelets were resting ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). We found that Twist-induced EMT enhanced platelet recruitment in MCF10A cells ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). HMLE clones with activated the EMT program and high Hsp47 expression were also more active in recruiting platelets compared with control clones ([*SI Appendix*, Fig. S3 *C*--*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Importantly, introducing exogenous Hsp47 in MCF10A induced platelet recruitment ([Fig. 3*C*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)), while silencing Hsp47 in MDA-MB-231 cells significantly inhibited cancer cell--platelet interaction ([Fig. 3 *D* and *E*](#fig03){ref-type="fig"}).

![Hsp47 enhances cancer cell--platelet interaction. (*A*) IF images (platelets, red; MCF10A, green; nuclei, blue) and quantification data showing the recruitment of platelets by control and Hsp47-expressing MCF10A/GFP cells in lung at 4 h after tail vein injection. (Scale bar: 40 µm.) *n* = 3; independent Student's *t* test. (*B*) IF images (platelets, red; MDA-MB-231, green; nuclei, blue) and quantification data showing the recruitment of platelets by control and Hsp47-silenced MDA-MB-231/GFP cells in the lung at 4 h after tail vein injection. (Scale bar: 40 µm.) *n* = 3; independent Student's *t* test. (*C*) FACS analysis of mouse platelet binding in control, MCF10A-Twist, and Hsp47-expressing MCF10A cells; *n* = 5; independent Student's *t* test. (*D*) FACS analysis of mouse platelet binding in control and shHsp47 MDA-MB-231 cells; *n* = 4; independent Student's *t* test. (*E*) IF images (platelets, green; DAPI, blue) and quantification data of mouse platelet binding in control and shHsp47 MDA-MB-231 cells cultured on plastic. (Scale bar: 25 µm.) *n* = 3; independent Student's *t* test. (*F* and *G*) IF images (MECs, green; DAPI, blue) and quantification of control and Hsp47-expressing MCF10A/GFP cell adhesion in the lung from mice pretreated with IgG/anti-GP1b antibody. Mice were injected with 1 × 10^6^ MCF10A/GFP cells in the tail vein, and lungs were collected at 4 h after injection. (Scale bar: 80 µm.) *n* = 4; independent Student's *t* test. (*H* and *I*) IF images (MECs, green; DAPI, blue) and quantification of control and shHsp47 MDA-MB-231 cell retention in the lung. Mice were pretreated with IgG/anti-GP1b antibody 4 h before MDA-MB-231 cell injection. Mice were injected with 1 × 10^6^ MDA-MB-231/GFP cells in the tail vein and lungs were collected at 4 h after injection. (Scale bar: 80 µm.) *n* = 3. Results are presented as mean ± SEM. \*\**P* \< 0.01; \**P* \< 0.05; n.s., not significant, independent Student's *t* test.](pnas.1911951117fig03){#fig03}

To further determine the function of platelet recruitment in Hsp47-induced cancer cell colonization, we depleted platelet in mice using anti-GPIb antibody ([*SI Appendix*, Fig. S3*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)) ([@r28]). Platelet depletion almost completely abolished Hsp47-induced lung retention of MCF10A cells ([Fig. 3 *F* and *G*](#fig03){ref-type="fig"}). Although MCF10A cells are nonmalignant and cannot form metastases in lungs, these results show that Hsp47-induced platelet recruitment is crucial for MEC adhesion or retention in the lung, the first step in cancer cell lung colonization. In addition, silencing Hsp47 failed to reduce initiation of colonization of MDA-MB-231 cells in platelet-depleted mice ([Fig. 3 *H* and *I*](#fig03){ref-type="fig"}). Therefore, EMT-associated Hsp47 expression induces cancer cell--platelet interaction, which is crucial for the initiation of cancer cell colonization.

Type I Collagen Mediates Hsp47-Dependent Platelet Recruitment and Cancer Cell Colonization. {#s5}
-------------------------------------------------------------------------------------------

Next, we explored the molecular mechanism by which Hsp47 induces platelet recruitment and lung colonization. Type I and IV collagens are the most abundant fibrillar and basement membrane collagens, both of which were induced during the EMT and highly expressed in CTCs ([Figs. 1*A*](#fig01){ref-type="fig"} and [2*A*](#fig02){ref-type="fig"}). Immunofluorescence images showed increased deposition of type I and IV collagen on the surface of Hsp47-expressing MCF10A spheroids ([Fig. 4*A*](#fig04){ref-type="fig"}), while silencing Hsp47 reduced type I and IV collagen deposition in MDA-MB-231 cells ([Fig. 4*B*](#fig04){ref-type="fig"}). Soluble collagen I and collagen IV were also increased in conditioned medium from Hsp47-expressing MCF10A cells compared with that from control cells ([Fig. 4*C*](#fig04){ref-type="fig"}).

![Type I collagen mediates Hsp47-induced platelet recruitment. (*A*) IF images (collagen I/collagen IV, green; nuclei, blue) of control and Hsp47-expressing MCF10A cells cultured in suspension. (Scale bar: 50 µm.) (*B*) IF images (collagen I/collagen IV, green; nuclei, blue) of control and Hsp47-silenced MDA-MB-231 cells cultured in suspension. (Scale bar: 50 µm.) (*C*) Western blot analyses of collagen I and collagen IV protein levels in conditioned media derived from control and Hsp47-expressing MCF10A cells. (*D*) FACS analysis of mouse platelet binding in Hsp47-silenced MDA-MB-231 cells pretreated with collagen I or collagen IV. *n* = 3; one-way ANOVA. (*E*) FACS analysis of human platelet recruitment in control and Hsp47-silenced MDA-MB-231 cells pretreated with collagen I. *n* = 3; one-way ANOVA. (*F*) FACS analysis of platelet binding in control and Hsp47-expressing MCF10A cells incubated with IgG/JAQ1 antibody-pretreated platelets. *n* = 3; one-way ANOVA. (*G*) FACS analysis of platelet recruitment in control and Hsp47-expressing MCF10A cells. Human platelets were pretreated with IgG/integrin α2β1 blocking antibody. *n* = 3; one-way ANOVA. (*H* and *I*) IF images and quantification of vector control or Hsp47-silenced MDA-MB-231/GFP cell adhesion in lung. The cells were pretreated with/without collagen I. (Scale bar: 100 µm.) *n* = 5; independent Student's *t* test. (*J* and *K*) IF images and quantification of Hsp47-expressing MCF10A/GFP cell adhesion in lung. The mice were pretreated with IgG or JAQ1 antibody. (Scale bar: 100 µm.) *n* = 5; independent Student's *t* test. Results are presented as mean ± SEM. n.s., not significant; \*\**P* \< 0.01; \**P* \< 0.05.](pnas.1911951117fig04){#fig04}

To determine whether these two types of collagen mediate Hsp47 function in regulating platelet recruitment, we performed a series of in vitro and in vivo rescue experiments. Hsp47-silenced MDA231 cells were coated with type I or type IV collagen, then incubated with purified platelets. Interestingly, only type I collagen rescued cancer cell--platelet interaction in Hsp47-silenced cells ([Fig. 4 *D* and *E*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Therefore, fibrillar collagen produced by cancer cells may be more potent in inducing platelet recruitment. Integrin α2β1 and glycoprotein VI (GPVI) have been identified as collagen receptors in platelets ([@r29], [@r30]), and collagen-platelet interaction can be inhibited with integrin α2β1- or GPVI-blocking antibodies (JAQ1) ([@r31], [@r32]). We found that incubation of platelets with these two blocking antibodies abolished Hsp47-induced platelet recruitment in MCF10A cells ([Fig. 4 *F* and *G*](#fig04){ref-type="fig"}).

To determine in vivo function of collagen deposition in cancer cell colonization, control and Hsp47-silenced MDA-MB-231/GFP cells were coated with type I collagen before tail vein injection. We found that treatment with collagen at least partially rescued Hsp47-silenced cancer cell retention in the lung ([Fig. 4 *H* and *I*](#fig04){ref-type="fig"}) but only slightly increased lung retention of control MDA-MB-231 cells. In another experiment, mice were treated with JAQ1 antibody before injection of Hsp47-expressing MCF10A/GFP cells. Treatment with JAQ1 antibody significantly reduced Hsp47-induced MCF10A cell adhesion in the lung ([Fig. 4 *J* and *K*](#fig04){ref-type="fig"}). These results suggest that Hsp47-dependent collagen deposition by cancer cells is crucial for the initiation of cancer cell colonization.

Hsp47-Dependent Platelet Recruitment Enhances Cancer Cell Clustering and Extravasation. {#s6}
---------------------------------------------------------------------------------------

Cancer cells in circulation have been detected as single cells or CTC clusters, and CTC clustering promotes cancer colonization and metastasis ([@r33][@r34]--[@r35]). Based on our observation that incubation with platelets induced cancer cell clustering in the platelet-binding experiment, we asked whether the Hsp47/collagen axis and its dependent platelet recruitment contribute to cancer cell clustering. Silencing Hsp47 in MDA-MB-231 cells moderately reduced cancer cell clustering in the absence of platelets in vitro ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"}). Surprisingly, platelet incubation significantly enhanced cancer cell clustering in control MDA-MB-231 cells but only slightly increased clustering in the Hsp47-silenced cells ([Fig. 5 *A* and *B*](#fig05){ref-type="fig"}). We also found that preincubating Hsp47-silenced cells with type I collagen at least partially recovered platelet-induced clustering ([Fig. 5*C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). Importantly, by analyzing RNA-seq data generated from CTC samples isolated from breast cancer patients ([@r34]), we found that higher expression levels of Hsp47 and COL1A1 in CTC clusters compared with single CTCs ([Fig. 5 *D* and *E*](#fig05){ref-type="fig"}). Therefore, Hsp47/collagen axis-induced platelet recruitment may contribute to CTC clustering or to maintenance of CTC cluster integrity in vivo.

![Hsp47-dependent platelet recruitment enhanced cancer cell clustering and extravasation. (*A* and *B*) Images and quantification of cells clustering in control or Hsp47-silenced MDA-MB-231/GFP cells in the presence or absence of mouse platelets. (Scale bar: 100 µm.) *n* = 6, independent Student's *t* test. (*C*) Quantification of cell clustering in control or Hsp47-silenced MDA-MB-231/GFP cells in the presence or absence of mouse platelets. Cells were treated with collagen I (0, 4, or 40 µg/mL) before platelet incubation. *n* = 6; one-way ANOVA. (*D* and *E*) Quantification of Hsp47 and ColA1 mRNA levels in single CTCs and CTC clusters based on the RNA-seq data generated from breast cancer patient CTC samples. *n* = 78 (CTC cluster) and 94 (single CTC) (GSE111065). (*F* and *G*) Images and quantification of MCF10A extravasation in the HMVEC-L transendothelial migration assay. Control or Hsp47-expressing MCF10A/GFP cells were incubated with IgG/JAQ1 antibody- treated platelets before the assay. (Scale bar: 100 µm.) *n* = 3; one-way ANOVA. (*H*) Quantification of MCF10A extravasation in the HUVEC transendothelial migration assay. Control or Hsp47-expressing MCF10A/GFP cells were incubated with IgG/JAQ1 antibody-treated platelets before the assay. (Scale bar: 100 µm.) *n* = 5; one-way ANOVA. (*I*) Quantification of MDA-MB-231 cell extravasation in the HMVEC-L transendothelial migration assay. Control or Hsp47-silenced MDA-MB-231/GFP cells were incubated with or without mouse platelets before being plated in transendothelial assay chambers. (Scale bar: 100 µm.) *n* = 8; independent Student's *t* test. (*J* and *K*) Quantification of cancer cell extravasation in HMVEC-L and HUVEC transendothelial migration assay. Control or Hsp47-silenced MDA-MB-231/GFP cells were treated with collagen I (0 or 4 µg/mL) before platelet incubation. *n* = 3. Results are presented as mean ± SEM. \*\**P* \< 0.01; \**P* \< 0.05; n.s., not significant, one-way ANOVA.](pnas.1911951117fig05){#fig05}

Extravasation is a necessary step for CTCs to initiate colonization. Platelet binding and activation enhance cancer cell extravasation and formation of the premetastatic niche ([@r36]). We performed transendothelial migration assay with human lung microvasculature endothelial cell (HMVEC-L) and human umbilical vein cell (HUVEC) monolayers ([*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). We showed that expression of Hsp47 in MCF10A cells increased platelet-induced transendothelial migration ([Fig. 5 *F*--*H*](#fig05){ref-type="fig"}), and this increase was blocked by the JAQ1 antibody ([Fig. 5 *G* and *H*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)) or integrin α2β1 antibody ([*SI Appendix*, Fig. S5 *D* and *E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). In addition, transendothelial migration of control MDA-MB-231 cells, but not of Hsp47-silenced cells, was significantly enhanced after incubation with platelets ([Fig. 5*I*](#fig05){ref-type="fig"}). Pretreatment with type I collagen rescued transendothelial migration in Hsp47-silenced MDA231 cells ([Fig. 5 *J* and *K*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5 *F* and *G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). These data suggest that activation of the Hsp47/collagen axis promotes cancer cell extravasation by inducing platelet recruitment.

Hsp47 Expression and Gene Amplification in Human Breast Cancer Tissues. {#s7}
-----------------------------------------------------------------------

The Hsp47 gene (SERPINH1) locates at a region often amplified in cancer. Amplification of the Hsp47 gene was identified in 6% human breast cancer tissues and in 11% metastatic breast cancer tissues ([Fig. 6 *A* and *B*](#fig06){ref-type="fig"}). Importantly, increased Hsp47 expression in tumor tissue correlated with short distant recurrent-free survival in breast cancer patients ([Fig. 6*C*](#fig06){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). These results indicate that gene amplification and increased expression of Hsp47 are associated with cancer metastasis.

![Hsp47 gene amplification and expression are associated with human breast cancer metastasis. (*A* and *B*) Hsp47 gene (SERPINH1) amplification in invasive breast carcinoma (*n* = 963) and metastatic breast cancer (*n* = 237). Data were from TCGA and the Metastatic Breast Cancer Project (provisional, October 2018). (*C*) Kaplan--Meier analysis showing the association of Hsp47 expression with distant recurrence-free survival in breast cancer patients. *n* = 1,746. (*D*) IHC images showing Hsp47 expression in ER-positive and TNBC tissues. (Scale bar: 25 µm.) (*E*) Quantification of Hsp47 staining from *D*; the data were analyzed by the χ^2^ test. (*F* and *G*) Hsp47 protein levels were assessed and quantified in a panel of breast cancer cell lines. *n* = 4; independent Student's *t* test. Results are presented as mean ± SEM. \*\**P* \< 0.01. (*H*) Western blot analysis of Hsp47 levels in control and pLKO-shHsp47 MDA-MB 231 cells after doxycycline treatment (200 ng/mL). (*I* and *J*) H&E images and quantification data showing the lung colonization of MDA-MB-231 cells at 5 wk after tail vein injection. 1 × 10^6^ control and pLKO-shHsp47 MDA-MB-231 cells were injected in the tail vein, and doxycycline treatment was started on day 1 or 7 postinjection. (Scale bar: 100 μm.) Vector control group, *n* = 8; pLKO-shHsp47 group, *n* = 18. Results are presented as mean ± SEM. \*\**P* \< 0.01; \**P* \< 0.05; n.s., not significant, one-way ANOVA. (*K*) Scheme showing how the Hsp47/collagen axis promotes the EMT and cancer metastasis.](pnas.1911951117fig06){#fig06}

Activation of the EMT program has been detected in basal-like cells and TNBC cells ([@r37]). TNBC cells are also associated with a high incidence of cancer metastasis and poor prognosis ([@r38]). Using immunohistochemistry (IHC) analysis of a human breast cancer tissue array containing 217 samples, we showed that Hsp47 protein levels were significantly higher in TNBC cells compared with other subtypes ([Fig. 6 *D* and *E*](#fig06){ref-type="fig"}). Consistent with data from human breast cancer tissue, our previous study found higher Hsp47 mRNA levels in basal-like breast cancer cell lines compared with the luminal subtype ([@r20]). In the present study, we found increased Hsp47 protein expression in basal cancer cell lines compared with luminal cancer cell lines ([Fig. 6 *F* and *G*](#fig06){ref-type="fig"}); increased secretion and deposition of type I collagen have also been detected in basal cancer cell lines ([@r39]).

We showed that Hsp47 expression is crucial for the initiation of cancer cell colonization. To further elucidate the role of Hsp47 in the late stage of cancer cell colonization, we introduced an inducible Hsp47 silencing system in MDA-MB-231 cells. Hsp47 expression was knocked down from 24 h or 7 d after tail vein injection ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental)). We found that silencing Hsp47 at the late stage of cancer cell colonization also inhibited tumor lesion formation in lungs ([Fig. 6 *H*--*J*](#fig06){ref-type="fig"}). These results suggest that increased Hsp47 expression in cancer cells contributes to both the initiation of cancer cell colonization and the formation of macrometastases.

Discussion {#s8}
==========

Clinical evidence and data from mouse tumor models strongly support the "seed and soil" hypothesis that cancer metastasis requires favorable interactions between metastatic tumor cells (the "seed") and the tissue microenvironment (the "soil") ([@r40]). Recent advances in TICs and CTCs have provided additional insight into the "seed" metastatic cancer cells ([@r41], [@r42]). Here we show that CTCs and the TIC-enriched cell population exhibit increased expression of chaperone protein Hsp47 and its target collagen. Increased expression of Hsp47 and Hsp47-dependent collagen deposition are crucial for cancer cell--platelet interaction and platelet-dependent cancer cell colonization in the lung ([Fig. 6*K*](#fig06){ref-type="fig"}). These results suggest that metastatic cancer cells can produce and carry the "soil" (i.e., collagen) when traveling from primary tumors to distal sites, and that the self-deposited collagen is crucial for cancer cell colonization at distant organs.

EMT and mesenchymal-epithelial transition dynamics play a critical role in cancer metastasis. The EMT induces cancer cell invasion and contributes to cancer metastasis at an early stage ([@r7]). Expression of Hsp47 mRNA is induced during the EMT and is associated with EMT markers in human breast cancer tissues, suggesting that Hsp47 expression is regulated at the transcription level. Nevertheless, we cannot rule out the possibility that Hsp47 is also regulated at the protein level (translation or protein stability) during the EMT. We previously showed that miR-29 is a negative regulator of Hsp47 ([@r20]). Down-regulation of miR-29 may contribute to Hsp47 induction during the EMT. Deletion of Hsp47 in MECs inhibited the EMT and suppressed the mesenchymal phenotypes, including collagen deposition, cell migration, and invasion. The EMT is relevant to the acquisition and maintenance of stem cell-like characteristics and is sufficient to endow differentiated normal and cancer cells with stem cell properties ([@r43], [@r44]).

The function of collagen signaling in the EMT is well characterized. Type I collagen and its receptor discoidin domain-containing receptor 2 (DDR2) can promote the EMT by enhancing Snail stability ([@r45]). Increased collagen expression or deposition is associated with poor prognosis in breast cancer patients ([@r46], [@r47]). Inhibition of collagen production and cross-linking represses cancer progression and metastasis ([@r48], [@r49]). Interestingly, exogenous type I collagen can only partially rescue EMT phenotypes in Hsp47-silenced cells. We recently identified DDR2 as a target of Hsp47 ([@r50]). DDR2 may also contribute to Hsp47-induced mesenchymal phenotypes.

Single-cell sequencing data have shown increased expression of the EMT and stemness markers in CTCs ([@r12]). It has been postulated that activation of the EMT program facilitates CTC generation and enhances cancer cell survival in the circulation system ([@r7], [@r51]). We found that Twist-induced EMT significantly enhanced MEC--platelet interaction, platelet-dependent extravasation, and MEC retention in the lung. Platelets are originally derived from megakaryocytes in the bone marrow ([@r52]), and one of their functions is to prevent bleeding and reduce blood loss in the event of vascular injury ([@r53]). Platelet count is associated with metastasis and poor prognosis in cancer patients ([@r54], [@r55]). The long-term use of low-dose antiplatelet drugs, such as aspirin, inhibits cancer metastasis and significantly reduces cancer incidence ([@r56], [@r57]). Our data show that Hsp47-induced mesenchymal phenotypes enhance CTC colonization by inducing cancer cell--platelet interaction. It has been reported that incubation of platelets with cancer cells induces the release of TGF-β, which subsequently activates the TGF-β/Smad and nuclear factor kappa-light-chain-enhancer of activated B cells pathways in cancer cells and promotes their transition to an invasive mesenchymal-like phenotype ([@r58]). Therefore, a positive feedback loop may exist between cancer cell--platelet interaction and EMT induction.

Expression levels of Hsp47 and ECM network genes are up-regulated in CTCs compared with primary tumors. Hsp47 expression in MECs induced platelet recruitment, which is crucial for the initiation of lung colonization of cancer cells. Secretion/deposition of collagen I and IV are both regulated by Hsp47 in breast cancer cells ([@r20]); interestingly, we found that cancer cell--platelet interaction is mediated mainly by type I collagen. During vascular injury, platelets directly interact with subendothelial collagen, triggering the formation of a hemostatic plug ([@r59]). Using the platelet-specific deletion mouse model, a recent study shows that Hsp47 on platelet surface enhances GPVI-collagen binding and platelet activation ([@r60]). It is not clear whether platelet-derived Hsp47 contributes to cancer cell--platelet interaction. Tissue factor (TF), an initiator of the extrinsic coagulation cascade, is expressed in breast cancer tissue and plays important roles in cancer progression and metastasis ([@r61]). However, induction of TF expression has not been detected during the EMT and in CTCs, and TF is unlikely to serve as the downstream target of Hsp47 to promote the EMT-related cancer cell--platelet interaction.

It has been reported that only small number of CTCs can survive and colonize in the secondary organs; the majority of cancer cells die after tail vein injection ([@r62]). Platelet binding and activation enhances cancer cell survival in the circulation and facilitates extravasation and formation of a premetastatic niche ([@r4]). We found that silencing Hsp47 expression significantly reduced cancer cell numbers in lung after 24 h, suggesting that Hsp47-induced platelet recruitment contributes to extravasation and initial colonization of cancer cells. In coculture experiments, we showed that Hsp47-induced platelet recruitment enhanced the extravasation of MECs. ATP has been identified as a key mediator of platelet-induced extravasation ([@r36]). A recent study showed that the COX-1/TXA2 pathway in platelets is required for the aggregation of platelets on cancer cells and formation of the premetastatic niche ([@r63]). Platelet activation also induces the release of platelet-derived factors, including TGF-β, vascular endothelial growth factor, and platelet-derived growth factor. The functions of these growth factors in cancer invasion, angiogenesis, and metastasis have been well characterized. It is important to determine whether the Hsp47/collagen axis induces these pathways and the release of platelet-derived factors, and subsequently promotes formation of the premetastatic niche.

Cancer cells in circulation have been detected as single CTCs or CTC clusters containing 2 to 50 cells ([@r33]). Studies in mouse models indicate that CTC clusters have 20- to 50-fold greater metastatic potential ([@r33]). Clinical evidence also suggests a link between CTC clusters and worse clinical outcomes ([@r64], [@r65]). Plakoglobin, a cell--cell junction protein highly expressed in CTC clusters, contributes to cluster formation and integrity in the blood ([@r33]). Interestingly, we found that expression of Hsp47 was significantly higher in CTC clusters compared with single CTC cells in clinical samples. Hsp47/collagen-induced platelet recruitment enhanced cancer cell clustering in vitro. It has been proposed that CTC clusters are derived from primary tumors or from the aggregation/proliferation of single CTCs; however, current evidence does not support the concept that CTC clusters form by aggregation of single CTCs ([@r33]). Platelets and platelet-derived microparticles are detected in primary tumors ([@r66]); therefore, Hsp47/collagen-induced platelet recruitment may facilitate cancer cell clustering in the primary tumor or maintain the integrity of CTC clusters in circulation. Cancer cells and CAFs both produce significant amounts of collagen and other ECM proteins in primary tumor tissue, and CAF-derived collagen may also contribute to platelet recruitment and activation in primary tumor tissue.

Our study provides insight into how mesenchymal phenotypes in CTCs induce platelet recruitment and enhance cancer cell colonization. We have identified the Hsp47/collagen axis as a critical regulator of the cancer cell--platelet interaction. Collagen is not an ideal druggable target; however, small-molecule compounds that inhibit Hsp47--collagen interaction have been characterized recently ([@r67]). Therefore, targeting the Hsp47/collagen axis is a potential strategy to inhibit cancer cell colonization and metastasis.

Materials and Methods {#s9}
=====================

Fluorescence-Activated Cell Sorting of Platelet Recruitment. {#s10}
------------------------------------------------------------

To analyze cancer cell-platelet interaction, CD41 (platelet marker) levels on tumor cells were examined by fluorescence-activated cell sorting (FACS) analysis. Mouse platelets were freshly prepared before incubation with cancer cells. Blood was collected from abdominal aortas of isofluorane-anesthetized mice using 1/7th volume of ACD (85 mM trisodium citrate, 83 mM dextrose, and 21 mM citric acid) as an anticoagulant ([@r68]). Platelets were then washed once with CGS (0.12 M sodium chloride, 0.0129 M trisodium citrate, and 0.03 M [d]{.smallcaps}-glucose, pH 6.5) and resuspended in 3 × 10^8^/mL and incubated for 1 h at room temperature before use. Platelet aggregation was measured with a CHRONO-LOG Model 700 Whole Blood/Optical Lumi-Aggregometer at 37 °C with stirring (1,000 rpm). Tumor cells were trypsinized and resuspended as 1 × 10^6^ cells in 200 μL of Tyrode's buffer (120 mM NaHCO~3~, 138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl, 2 mM MgCl~2~, 10 mM Hepes, and 0.42 mM Na~2~HPO~4~, pH 7.4), then incubated with 400 μL of 3 × 10^8^/mL mouse platelets at 37 °C for 60 min. After incubation with platelets, samples were fixed in 2% paraformaldehyde at room temperature for 20 min and then stained with CD41-fluorescein isothiocyanate (FITC) Ab (BD Biosciences; 553848) at room temperature for 40 min, protected from light. FACS analysis was done with a BD LSR II flow cytometer, and data were analyzed by CellQuest Pro (BD Biosciences). Gates were set according to unstaining control and single color controls for FITC.

Clustering Assay. {#s11}
-----------------

Control or shHsp47 lentivirus-infected MDA-MB-231/GFP cells (1 × 10^5^) were preincubated with or without 4 µg/mL or 40 µg/mL type I collagen for 30 min at room temperature. After incubation, cells were centrifuged at 1,000 rpm for 3 min and suspended in 300 μL of Tyrode's buffer, then incubated with or without 100 μL mouse platelets in nonadherent 24-well culture plates for 60 min at 37 °C. Images were obtained with a Nikon microscope, and the number of cell clusters was quantified.

Transendothelial Migration Assay. {#s12}
---------------------------------

HUVEC or HMVEC-L (5 × 10^4^ cells/well) were plated on the 8-μm-pore polycarbonate membrane insert (Transwell; Corning) and cultured for 2 to 3 d to confluence. MDA-MB 231/GFP cells (1 × 10^5^ cells per well) in 300 µL of DMEM/F12 medium with 10% FBS with or without platelet/collagen I pretreatment were added on the upper chamber. An additional 500 µL of DMEM/F12 medium with 10% FBS medium was added to the lower chamber each well. Cells were incubated at 37 °C for 24 h and fixed by 100% methanol. Cells were removed from the upper chamber by gently wiping the upper surface of the membrane with a cotton swab. MDA-MB 231/GFP cells invaded through the HUVEC layer were imaged with a Nikon microscope, and invaded cells were quantified.

*In Vivo* Xenograft Experiments. {#s13}
--------------------------------

Six-week-old female SCID mice were randomly grouped and injected with 1 × 10^6^ malignant or nonmalignant MECs via tail vein or in mammary fat pads. All procedures were performed in accordance with the guidelines of the Division of Laboratory Animal Resources at the University of Kentucky.

Patient Survival Analysis and Other Statistical Analysis. {#s14}
---------------------------------------------------------

To address the clinical relevance of enhanced Hsp47 expression, we assessed the association between mRNA levels of Hsp47 and patient survival using the published microarray data generated from 1,746 human TNBC tissue samples ([@r69]). Tumor samples were split into 2 equal-sized groups of low and high Hsp47 expression based on mRNA levels. Significant differences in overall survival time were assessed using the Cox proportional hazard (log-rank) test.

All experiments were repeated at least twice. Results were reported as mean ± SEM; the significance of difference was assessed by the χ^2^ test, independent Student's *t* test, or one-way analysis of variance (ANOVA) with SigmaPlot 12.3 (Systat Software). *P* \< 0.05 represents statistical significance, and *P* \< 0.01 represents sufficiently statistical significance. All reported *P* values are derived from two-tailed tests.

More detailed information about the materials and methods of this study are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1911951117/-/DCSupplemental).

Data Availability Statement. {#s15}
----------------------------

All data in this manuscript are freely available. The gene expression data generated from this study have been deposited in the Gene Expression Omnibus (GEO) database, <https://www.ncbi.nlm.nih.gov/geo> (accession no GSE143349) ([@r70]).
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